The capacity of the alternative respiratory pathway increased in the flavedo tissue of 'Marsh' grapefruit (Citrus paradisi Macf.) stored at 5°C for 2 weeks or longer. Elevated 02 levels during respiratory assays enhanced respiration by the tissue at 20°C but not at 5°C. At 20°C, salicylhydroxamic acid alone was inhibitory to 02 uptake only in elevated 02-In conventional Warburg studies, alternative pathway respiration may be limited by the low solubility and/or slow rate of 02 diffusion into plant tissues, such as grapefruit flavedo, and may be responsible for the apparent low utilization of the alternative pathway potential observed in other studies.
Following exposures to low temperatures, the capacity of the cyanide-and azide-insensitive alternative pathway of respiration increases in the tissues of several species of plants (1-3, 6, 12, 14, 19, 20) . Thus, cyanide and azide are less inhibitory to respiration at low temperatures than at high temperatures (2, 3, 12, 14) . Cold-resistant cultivars generally show a higher potential for respiratory electron flux through the alternative pathway than do cold-sensitive cultivars (1, 12, 14, 19, 20) . However, except for reports that respiratory electrons are diverted to the alternative pathway at 13°C in callus tissue of chilling-sensitive Cornius stolonifera (22) and in roots of Plantago lanceolata (16) , sub- stantiating evidence that the increased potential for the alternative pathway is actually utilized at low temperature is lacking (1, 2, 4, 6, 12, 14, 19, 20) . In grapefruit, the potential for respiration via the alternative pathway is greater in the flavedo tissue of chilling-resistant interior canopy fruit than in chilling-sensitive exterior canopy fruit (14) . However, it is difficult to ascertain whether the cold-resistant fruit utilizes its greater potential for the alternative pathway since inhibitors of the alternative pathway only marginally inhibit 02 uptake at chilling and nonchilling temperatures.
Compared to cytochrome oxidase, the alternative oxidase has a low affinity for 0, (9, 11, 17) and alternative pathway respiration is inhibited at low 02 concentrations (9, 11) . Yocum and Hackett (21) reported that removal of the liquid phase in Warburg vessels which contained slices of respiring Philodendron grandifolium spadix decreased the 02 pressure required for halfsaturation by about 100-fold. Hence RESULTS 0, utilization by tissue on moistened filter paper was 11 to 40% higher than 02 uptake by tissue in buffer (Table I ). The decreased 02 uptake which resulted from the buffer was alleviated when the gas phase above the buffer was 100% O. However, since buffers are necessary to carry out the inhibitor experiments, no comparison was made of 02 uptake in 100% 02 versus air when the tissue was not in buffer.
The rate of 02 uptake at 20°C by flavedo tissue of grapefruit 3Abbreviation: SHAM. salicylhydroxamic acid.
Plant Physiol. Vol. 86, 1988 was greater when the gas phase was 100% 02 in the respiratory vessel than when the gas phase was air (Table I and Fig. 1) . 02 uptake by the flavedo tissue of fruit stored for 3 weeks at 5°C increased when measurements were made in 100% 02, but not when measurements were made in air. Furthermore, SHAM alone inhibited 02 uptake by the tissue in 100% 02, but not in air (Fig. 1) . As observed previously (14) , 02 uptake also was less sensitive to azide in fruit stored at 5°C for 2 weeks or longer (Fig. 1) . Since sensitivity to SHAM and azide applied together did not change during storage, the decreased sensitivity to azide is presumed to represent increased alternative pathway capacity.
At 5°C, increased 02 concentrations tended to result in increased 02 uptake only in the tissues stored for 3 weeks but the increases were not significant ( Fig. 2 ; note difference in scale from Fig. 1) . 02 had no effect on SHAM inhibition at 5°C compared to 20°C. 02 uptake at 5°C was, however, less sensitive to azide in tissues of fruit stored at 5°C for 2 weeks or longer compared to freshly harvested fruit indicating an increase in the capacity of the alternative pathway.
DISCUSSION
Results of this study indicate that, due to low 02 concentrations, the alternative pathway of respiration may not be engaged or at least is not measurable in experimental systems where the tissue is suspended in buffer. 02 uptake at 20°C was inhibited by SHAM alone only in elevated 02, whereas azide was inhibitory to 02 uptake in air and 100% 02 at 20°C (Fig. 1) . Thus, the alternative pathway with its low affinity for 02 (11, 17) be inhibited when 02 is limiting. James and Beevers (7) reported progressive increases in respiratory rate with increasing 02 concentrations up to 100% for Arum spadix tissue which has high alternative pathway activity, whereas the respiratory rate of adjacent stalk tissue which has low alternative pathway activity was maximum at 5 to 10% 02. Presumably, the increased respiratory rate was due to increased alternative pathway activity at elevated 02 concentrations. McCaig and Hill (12) suggested that decreased solubility of 02 with increasing temperature may explain, in part, the declining cyanide-insensitive respiration of winter wheat mitochondria at temperatures above 17.5°C. Thus, decreased 02 availability at high temperatures due to decreased 02 solubility could be the reason why the alternative pathway accounts for a greater proportion of the respiratory potential at low temperatures than at higher temperatures (2, 3, 12, 14) .
The slow rate of 0, diffusion into the tissue from the medium also may restrict alternative pathway respiration. The inverse relationship between respiratory rate and thickness of aged potato discs was attributed to the slow rate Of 02 diffusion into the tissue (10) . Disc thickness influences both the development of respiratory capacity and the full utilization of the existing capacity. Since peel tissues are especially restrictive to 02 diffusion (18) , the slow diffusion of 02 into the tissue also may account for the increasing respiratory quotients with increasing temperatures reported in previous studies (5, 13) . Thus, the apparent low utilization of the alternative pathway by grapefruit flavedo tissue (14) and other tissues (2, 19) could be due to 02 deficiency in the experimental system. Increasing the ambient 02 concentration increases the rate of diffusion and, in the present study, increased both the rate of respiration as well as alternative pathway activity at 20°C.
Although the alternative pathway of respiration is induced in the tissues of several plants when they are exposed to low temperatures (1, 2, 4, 6, 12, 14, 19, 20) Results of this study indicate that the alternative pathway may be limited by 02 availability (Fig. 1 ) in addition to cellular energy charge and respiratory substrate levels (4, 8) . However, further studies are required to determine the interaction of these factors on respiration at low temperatures. Nevertheless, in Warburg studies with tissue slices, especially peel tissues, care must be taken to insure that diffusion of 02 into the tissue is not limiting 02 uptake before concluding that the alternative pathway is not being utilized in respiration.
